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TPS50601-SP Single-Event Effects Summary

The effect of heavy-ion irradiation on the single-event effect performance of the TPS50601-SP point-of-
load switching regulator has been summarized in this report. Heavy-ions with LET.- ranging from 48.5 to
94.0 MeV-cm?mg were used to irradiate production devices in hundreds of experiments with fluences
ranging from 1 x 10° to 1 x 107 ions/cm? per run, over a variety of input and output voltages, and load
conditions across temperature. The results demonstrate that the TPS50601-SP, when operated within its
“safe operating area,” is SEB-free, SEL-free and nearly SET-free under all conditions. The TPS50601-SP
has a low SEFI (self-recoverable) saturation cross-section under maximum load and input/output voltage.
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1 Overview

The TPS50601-SP is a space-grade, radiation hardened, 6.3-V, 6-A synchronous buck point-of-load (POL)
converter, which has been optimized for small designs with its high-efficiency operation and integration of
the high-side and low-side power MOSFETSs into a compact monolithic solution providing the smallest
footprint in the industry. Further space saving is achieved through current mode control, which reduces
component count while providing a high switching frequency for reduced inductor size. The device is
offered in a thermally enhanced 20-pin ceramic, dual in-line flat-pack package. General device information
and test conditions are listed in Table 1.

For more detailed technical specifications, user-guides, application notes please go to:
www.ti.com/product/TPS50601-SP.

Table 1. Overview Information

DESCRIPTION DEVICE INFORMATION
TI Part Number TPS50601-SP
Orderable Name 5962R1022101VSC
Device Function Point-of-Load (POL) Switching Regulator
Technology 250-nm Linear BICMOS
Exposure Facility Radiation Effects Facility, Cyclotron Institute, Texas A&M University
Heavy-lon Fluence per Run 1 x 10° -1 x 107 ions/cm,
Irradiation Temperature 25°C and 125°C (For SEL Testing)
SLAKO017A-October 2016 —Revised December 2017 TPS50601-SP Single-Event Effects Summary
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2

Single-Event Effects

The primary concern for the TPS50601-SP are its resilience against the destructive single event effects
(DSEE): single event burn-out (SEB) and single-event latch-up (SEL). The TPS50601-SP is NOT sensitive
to SEB as long as it is operated within the safe-operating-area (SOA) where it has been verified to be
SEB-free with heavy-ions of LET, of up to 94.0 MeV-cm?mg at room temperature and T = 125°C (though
SEB susceptibility has been shown to decrease with increasing temperature [1][2] so the majority of SEB
tests were performed at room temperature). For the TPS50601-SP operating within the SOA the potential
for SEB is eliminated.

The TPS50601-SP was also characterized for SEL events. In mixed technologies such as the Linear
BiCMOS 7 process used for the TPS750601-SP, the presence of CMOS circuitry introduces a potential
SEL susceptibility. SEL can occur if excess current injection caused by the passage of an energetic ion is
high enough to trigger the formation of a parasitic cross-coupled PNP and NPN bipolar structure (formed
between the p-substrate and n-well and n+ and p+ contacts) [3][4]. If formed, the parasitic bipolar structure
creates a high-conductance path (creating a steady-state current that is orders-of-magnitude higher than
the normal operating current) between power and ground that persists (is “latched”) until power is
removed or until the device is destroyed by the high-current state. For the design of the TPS50601-SP,
SEL-susceptibility was reduced by maximizing anode-cathode spacing (tap spacing) while increasing the
number of well and substrate ties in the CMOS portions of the layout to minimize well and substrate
resistance effects. Additionally, junction isolation techniques were used — with buried wells and guard ring
structures isolating the CMOS p- and n-wells [5][6][7]. The design techniques applied for SEL-mitigation
were sufficient as the TPS50601-SP exhibited absolutely no SEL with heavy-ions of up to LET.; = 94.0
MeV-cm?mg at fluences in excess of 107 ions/cm? and a die temperature of 125°C.

Under heavy-ions, the TPS50601-SP exhibits three transient modes that are fully recoverable without the
need for external intervention. One is a single-event functional interrupt (SEFI) in the Pgoop control logic
inducing a brief (~ 80 us) Pgoop transition to occur even though the output voltage is stable (false Pgoop
signal). We call this mode SEFI 1. It does NOT interrupt the regulated power output, and no soft-start is
initiated, as it is only the Py Signal itself that is affected. Since SEFI 1 creates a very narrow pulse on
Psoop: the event can be filtered by a use of a properly sized capacitor on Pgqqp Without significantly
impacting the operation for valid Pgoop transitions. The other type of SEFI, SEFI 2, occurs when a heavy-
ion event induces an single event transient (SET) in the output voltage, momentarily reducing the output
voltage significantly below its regulated value. During a SEFI 2 event, the TPS50601-SP produces a low
on Pgoop and a soft-start is initiated. Soft-start is determined by an external capacitor charged by an
internal current and the main purpose is to avoid inrush currents. (www.ti.com/product/ TPS50601-SP)

Ultimately, after each of the hundreds of SEFI 2 events observed, the part goes into soft restart and fully
recovers in less than 6 ms (with C55 = 10 nF) to a properly regulated output voltage with Py restored to
a high level indicating that Vo is good. SEFI 2 is fully self-recovering and does NOT require any external
reset or mitigation.

Any event that causes a change in the output voltage exceeding ~ +/— 9% forces the Pgqop Signal low.
Psoop is designed to protect down-stream components from power outages by providing a warning that
the voltage output is no longer regulated. During heavy ion SEE testing, Pqoqp transitions were logged as
SEFIs, while events that cause output excursions of less than +/— 9% were logged as SETs. Given the
large output capacitance (660 uF), SET were expected to be rare. Indeed, during extensive testing at
effective LET of 48.5 to 56.4 MeV-cm?*mg NO SETs were observed under any condition with a trigger set
to capture SETs where Vo, dropped by 4% or more. At an effective LET of 65.7 MeV-cm?mg, we saw a
few events of ~ 5%. At an effective LET of 86.5 MeV-cm?mg, SETs were more common and while most
were 5% or lower, a few were as high as 8%.

A combination of several different techniques to suppress SET and SEFI were used in the design of the
TPS50601-SP POL. Among these mitigation techniques were the use triple redundant logic circuits [8],
time constant adjustment [9], a new architectural circuit design and special isolation techniques to prevent
latch-up induced by heavy-ions. The efficacy of these techniques was verified by using a custom heavy-
ion charge injection model in SPICE, developed specifically for this junction isolated BiICMOS technology,
iteratively applied as the design was modified. This model was initially developed on theoretical
calculations by taking into account specific parameters from the process technology like depletion region
depths for different components and doping profiles. The model was then modified based on real heavy-
ion measurements. Once adjusted, this model was used to design the different circuit blocks within the
TPS50601-SP POL. The initial model used in SPICE was implemented as a double-exponential function
but it was simplified to a piecewise-linear function to accelerate simulation time [10][11].
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Triple-redundant logic with majority voting was used in critical high-speed logic circuit blocks within the
TPS50601-SP. This reduced the probability of SEFI in sensitive logic. Time-constant adjustment was
implemented in digital logic that is not speed-sensitive and in analog circuit blocks. This design technique
consisted of reducing on-state series resistance (Rps,,) Of sensitive transistors, increasing storage
capacitance in sensitive nodes and increasing biasing currents in analog functions like the band-gap
reference and error amplifier. A heavy-ion induced SET in the output transistors and error amplifier can
result in missing pulses, runt pulses, or wide pulses at the PWM circuit output, which can produce voltage
droop or transients at the output of the power converter. A new design technique was implemented in the
TPS50601-SP to significantly reduce the recovery time of the output if the converter ever experiences a
missing pulse due to a high-energy heavy-ion strike in the state machine. The idea is to sense such an
event very quickly in the analog domain (error amplifier) and adjust the duty-cycle accordingly. Therefore
the output of the converter is stable against a large majority of SETs. This innovation also enables reliable
performance with a smaller output capacitor that results in board area savings and in an overall smaller
solution.
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3 Test Device and Evaluation Board Information

The TPS50601-SP is packaged in a 20-pin thermally-enhanced dual ceramic flat pack package (HKH) as
shown in Figure 1. The TPS50601SPEVM-D (dual unit) evaluation board was used to evaluate the
performance and characteristics of the TPS50601-SP. Top and bottom views of the evaluation board used
for radiation testing are shown in Figure 2. Only a single unit was tested during each run in the ion beam
experiments. For more information about the evaluation board please go to

www.ti.com/product/ TPS50601-SP/technicaldocuments.
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(1) The package lid was removed to reveal the die face for all heavy-ion testing.
Figure 1. Photo of Delidded TPS50601-SP (left) and a Pin-Out Diagram (right)
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(1) The TPS50601-SP is mounted on the bottom side.

Figure 2. TPS50601SPEVM, 6-A/12-A, SWIFT™ Regulator Evaluation Module Board Top-View (left) and
Bottom-View (right)
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Irradiation Facility and Setup

The heavy-ion species used for the SEE studies on this product were provided and delivered by the
TAMU Cyclotron Radiation Effects Facility [10] using a superconducting cyclotron and advanced electron
cyclotron resonance (ECR) ion source. At the fluxes used, ion beams had good flux stability and high
irradiation uniformity over a 1-in diameter circular cross sectional area for the in-air station. Uniformity is
achieved by means of magnetic defocusing. The flux of the beam is regulated over a broad range
spanning several orders of magnitude. For the bulk of these studies ion fluxes between 10* and 10°
ions/sec-cm? were used to provide heavy-ion fluences between 10° and 107 ions/cm?. SEE responses
were checked for event rate linearity (as a function of increasing flux) over the range used for the
experiments. Linearity was confirmed, thus total number of events was related directly to the fluence of the
tests independent of the flux used for a particular test. This confirmation is important since the ion
beam flux is so much more highly accelerated than the actual space environment heavy-ion
fluxes — thus we wanted to be sure not to over-predict sensitivity due to double multiple
simultaneous hits to redundant protection circuits.

In addition to hundreds of runs with dozens of devices/boards, the data reported in this report was based
on finalized EVM boards with optimized component values that follow datasheet and application note
recommendations. For these final experiments, Silver (Ag) ions were used at angles of 0°, 30°, and 45° for
LET. of 48.5, 56.4, and 70.0 MeV-cm?mg respectively. Praseodymium (Pr) ions were also used, at
angles of 0°, 30°, 40°, 45° for a LET. of 65.7, 76.2, 86.5 and 94.0 MeV-cm?mg respectively. The Ag and
Pr ions used had a total kinetic energy of 1.634 GeV and 2.114 GeV, respectively, in the vacuum (15-
MeV/amu line). lon beam uniformity for all tests was in the range of 92% to 99%.

The TPS50601-SP test board used for the experiments at the TAMU facility is shown in Figure 3. The
board was also rotated 90° for some of the experiments to check for the possibility of different sensitivities
due to asymmetric layouts. The 1-in diameter ion beam port is in the middle of the photo (partially
occluded by the TPS50601-SP PCB). The beam port has a 1-mil Aramica® window to allow in-air testing
while maintaining the vacuum within the accelerator with only minor ion energy loss. Note that the de-
lidded TPS50601-SP device-under-test is mounted on the opposite side of the EVM board for beam
testing. The air space between the device and the ion beam port window was maintained at 40 mm for all
runs.
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Figure 3. Photo of the TPS50601-SP Evaluation Board Mounted in Front of the Heavy-lon Beam Exit Port
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5 Depth, Range, and LET.. Calculation
s RADsim - 10nS ) .
PON Fle  Accelerator Facity Help
TAMU lon Beam Parameters
ALL lon Degrader Window DUT Thick.
lon Energy (MeV) Thick (mils) window (um) BEOL (um)
211400 2 0 b 254 £ 998 |~
Eqg. Thick (um) Air Gap (mm) Si Sub (um)
r lon Fluence 0.00 400 2 3000 2
(x10°7 /cm2) - -
Ma Angle () Beam Angle (°) 5
9.98 um T
LETeff and Range in Silicon
Calculate
MLO3 Te e LETeff = 65.65 MeV-cm?mg
i l{ 2
M3 10,000,000 ions/cm
9,267 Rad(Si) Normal Range = 93.1 pm
MLO2
9,480 Rad(SiO2) Range along path = 93.1 pm
M2
MLO1
M1
MLOO

Silicon Substrate

Figure 4. Generalized Cross-Section of the LBC7 Technology BEOL Stack on the TPS50601-SP (left) and
GUI of RADsim Application Used to Determine Key lon Parameters (right)

The TPS50601-SP is fabricated in the TI Linear BICMOS 250-nm process with a back-end-of-line (BEOL)

stack consisting of three levels of standard thickness

aluminum metal on a 0.6-pum pitch, and a 4th level of

thick aluminum. The total stack height from the surface of the passivation to the silicon surface is 9.98 um
based on nominal layer thickness as shown in . No polyimide or other coating was present so the
uppermost layer was the nitride passivation layer (PON). Accounting for energy loss through the 1-mil
thick Aramica (Kevlar®) beam port window, the 40-mm air gap, and the BEOL stack over the TPS50601-
SP, the effective LET (LETg;) at the surface of the silicon substrate and the depth and ion range was
determined with the custom RADsim-IONS application (developed at Texas Instruments and based on the
latest SRIM2013 [11] models). The results are shown in Table 2. The stack was modeled as a
homogeneous layer of silicon dioxide (valid since SiO, and aluminum density is similar).

Table 2. Silver and Praseodymium lon LET., Depth, and Range in Silicon

ION TYPE NCIDENCE | SLICON(um) | SLICON Gum) | (MeVecrimo) NOTES
Ag 0° 87.8 87.8 48.46 For latest tests
Ag 30° 74.7 86.3 56.35 For latest tests
Ag 45° 59.1 83.6 69.95
Pr 0° 93.1 93.1 65.65 For latest tests
Pr 30° 79.2 91.5 76.17
Pr 40° 68.9 89.9 86.52 For latest tests
Pr 45° 62.8 88.8 93.98 For SEL
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Test Set-Up and Procedures

SEE testing was performed on a TPS50601-SP device mounted on a TPS50601SPEVM-D, 6-A/12-A,
Regulator Evaluation Module. The device was provided power to the PVIN input on the J7 terminal block
using the N6702 precision power supply in a 4-wire configuration. The PVIN and V,, were tied together
using the J2 jumper on the EVM. In the last series of tests for this report, the device was loaded using a
discrete power resistor of 0.4 Q in order to obtain a load current of 6.225 A at Vo, = 2.49 V.

The SEE events were monitored using two National Instruments (NI) PXie 5105 (60 MS/s and 60 MHz of
bandwidth) digitizer modules and one Tektronix DPO7104C Digital Phosphor Oscilloscope (DPO) with 4
channels of 40 GS/s and 2.5 GHz of bandwidth. The DPO was used to monitor the Soft Start (SS), Phase
(PH), Vour and Pgoop Signals and was triggered from the SS using a negative edge trigger. The first NI-
PXle Scope card (#1) was used to monitor Vo1, Vi, Vsense @nd Enable and was triggered from Vg using
an edge negative trigger set at 1 V. The second NI-PXle Scope card (#2) was used to monitor Pgoo, and
Vour and was triggered from Pgop USiNg an edge negative trigger. With the exception of the DPO digital
oscilloscope, all equipment was controlled and monitored using a custom-developed LabVIEW® program
(PXI-RadTest) running on a NI-PXle-8135 Controller. A block diagram of the set-up used for SEE testing
the TPS50601-SP is illustrated in Figure 5 and the connections, limits and compliances used are shown in
Table 3. In general, the TPS50601-SP was tested at room temperature (no external heating applied)
where the die temperature was usually ~ 40°C to 45°C under maximum load conditions. A die temperature
of 125°C was used for SEL testing and was achieved with a convection heat gun aimed at the die. The die
temperature was monitored during the testing using a K-Type thermocouple attached to the heat slug of
the package with thermal paste. Since the package is designed to dissipate heat by conduction the die
temperature is within a few degrees of room temperature even under full load conditions unless external
heat is applied.

Table 3. Equipment Set and Parameters Used for the SEE Testing the TPS50601-SP

RANGE OF VALUES
USED

Pun/Vin Agilent N6702A (Ch # 4) 5A 5A 5V
Oscilloscope Card HSDIO NI-PXle 5105 60 MS/s — 20 MS/s
Digital Oscilloscope Tektronix DPO7104C 40 GS/s — 20 MS/s

Digital 1/0 NI PXle 6556 200 MHz — 50 MHz

PiN NAME EQUIPMENT USED CAPABILITY COMPLIANCE

All boards used for SEE testing were fully checked for functionality and dry runs performed to ensure that
the test system was stable under all bias and load conditions prior to being taken to the TAMU facility.
During the heavy-ion testing, the LabView control program powered up the TPS50601-SP device and set
the external sourcing and monitoring functions of the external equipment. After functionality and stability
had been confirmed, the beam shutter was opened to expose the device to the heavy-ion beam. The
shutter remained open until the target fluence was achieved (determined by external detectors and
counters).

During irradiation the PXle-5101 scope card continuously monitored the Soft Start, Phase, Vo r and Pgoop
outputs of the TPS50601-SP with any changes on the Vg ; output going below 1 V (at V,,; or Pgoop)
triggering a capture. During a trigger event, the digital scope card would capture

10
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PXI-1075 Chassis
NI-PXle-8135|| PXI-5105 PXI-5105 Kexg::::lognd
Embedded Digitizer Digitizer ||px|-6556 Mouse
Controller Scope Scope HSDIO
(LabVIew) CHO CH1 CH2 CH3 CHO CH1
@—T From +5V KVM
— N~ N~ TN ——¢ 1 TAMU Signal
GND 1
| DPO7104C
’7 J:‘GND
A4 [ (
Agilent
Precision PS 4.7 uH
PVIN
N6702A L VIN PH _L 2 L
Channel #4 EN o .=§ L
A = b3
J:—GND 10 KQ BT _—|_100 A £ P "2
T o)
PWRGD = GND
100 KQ VSENSE
P S
SYNC i
Ss ' 5
100 KQ L
GND I|—w—— RT GND l GRD
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coMP PAD To.o1uF
680 DFJ: %2.26 KQ G
b% nF

—= GND

(1) TPS50601-SP mounted on a TPS50601SPEVM-D, 6-A/12-A, Regulator Evaluation Module
Figure 5. Block Diagram of SEE Test Set-Up With the TPS50601-SP

50k samples (the card was continuously digitizing so when triggered, a predefined 20% of the samples
that preceded the event were stored). The NI scope cards captured events lasting up to 2.5 ms (50k
samples at 20 MS/s). In parallel, the DPO monitored Soft Start, Phase, Vo, and Pgqop triggering from Soft
Start using a negative edge at 1 V. The Sample rate was set to 20 MS/s with a much longer capture
window of 10 ms and recording 20% or (2 ms) before the event. The DPO was set to fast frame during the
test, under this configuration the scope had a 3.2-us update rate. The DPO enabled captured of the
events and full soft-start recovery cycle of the TPS50601-SP POL. In addition to monitoring the voltage
levels of the two scopes and one DPO, the current on the P,,/V,y pin was also monitored during each test
to enable separation of SEFI induced state changes from those caused by the occurrence of an SEL
event. No sudden increases in current were observed (outside of normal fluctuations) on any of the test
runs indicated that no SEL events occurred during the hundreds of tests run. The signature for SETs was
expected to be voltage excursions of less than £9% of the output amplitude on the Vo pin (the
magnitude of all SET events was extracted from the capture data in post-processing). SETs causing
variations larger than £9% always invoked a Pgoop Signal and were considered SEFIs for this evaluation.
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7

Safe-Operating-Area (SOA) Results

A large number of TPS50601-SP devices were deliberately operated at maximum load (6 A) while V,, was
increased with each subsequent run over the full range of LET until a SEB was observed. The purpose
was to define at what voltages and loads the onset of SEB was observed. Even at the maximum LET .-
tested (94.0 MeV-cm?/mg) no SEB events were observed at voltages at 5 V with load currents at 6 A. The
TPS50601-SP maximum load current capability is 6 A.

With PVIN voltage increased above 5 V there is increased risk of SEB. The result of several hundred runs
with fluences from 10° — 107 ions/cm? is shown in Figure 6. SEB failures are denoted as red symbols. The
cross-section for these events is extremely small since over many dozens of tests only single SEB events
were observed. The green points are summaries of multiple runs where no SEB event was ever observed.

The green area represents the SOA for the TPS50601-SP POL where no SEB was observed for any ion
LET.. The yellow and orange areas denote load conditions where the onset of SEB was observed. The
red area represents voltage and load conditions that are unsafe due to the potential for destructive SEB

events.

8.0

SOA (LET < 56.7) Unsafe
SOA (LET < 65.4)

7.0

6.0

5.0

Safe (LET < 94.0)

4.0

3.0 LET < 56.7 MeV-cm2/mg
LET = 65.4 MeV-cm?/mg

2.0
LET = 94.0 MeV-cm?Z/mg

Input Voltage, V,, (Voltage)

1.0

0.0 = —
0 1 2 3 4 5 6 7
Maximum Load (Amperes)

Figure 6. SOA Curves for the TPS50601-SP
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8 Single Event Latch-up (SEL) Results

All SEL characterizations were performed with forced hot air to maintain the die temperature at 125°C
during the tests. The device was exposed to a Praseodymium (Pr) heavy-ion beam incident on the die
surface at 45° for an effective LET of 94.0 MeV-cm?/mg. A total fluence of 107 ions/cm? was used in all
runs. Run duration to achieve this fluence was approximately 2 minutes. The SEL results are summarized
in Table 4. No SEL events were observed under any of the test runs over any of the input voltage and
Ioagi conditions, indicating that the TPS50601-SP is SEL-immune at T = 125°C and LET = 94 MeV-
cm‘/mg.

Table 4. Summary of TPS50601-SP SEL Results®®

RUN# | DEV# T(?,g)p ION TYPE /Ii\INCGIEEI\éT) Z'(;#SE/?&% Vi (V) Vo (V) LOAD (A) EVSE%TS
29 3B 125 Pr 45 1.0 x 107 5.5 25 4.0 0
30 3B 125 Pr 45 1.0 x 107 6.0 25 4.0 0
32 4A 125 Pr 45 1.0 x 107 5.0 25 5.3 0
33 4A 125 Pr 45 1.0 x 107 55 25 5.3 0
34 4A 125 Pr 45 1.0 x 107 5.0 25 6.0 0

@ SEL results with T = 125°C and LETge = 93.98 MeV-cm?/mg.
@ No SEL events were observed for any of the runs under the full range of load conditions.

Upper-bound SEL cross-sections for a single condition (65 ;) and over all bias and load conditions
(oseLaL) Were calculated based on 0 events observed using a 95% confidence interval (see Appendix C for
discussion of confidence limits):

Gy S 3.69 x 107 cm?/device LET = 94.0 MeV-cm?/mg, T = 125°C, 95% conf. (D)
Gseia < 7.38 x 1078 cm?/device LET = 94.0 MeV-cm?mg, T = 125°C, 95% conf. )
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9

SEFI Results

In the case of the TPS50601-SP, SEFIs were categorized as heavy-ion-induced events that could affect
down-stream system power. Two distinct types of SEFI events were observed: SEFI 1 events were
caused by a heavy-ion disturbance only in the Pgoop control logic such that it would generate a brief but
erroneous Pgqp transition while Vo was unaffected by the event. In contrast, SEFI 2 events caused an
actual disruption of the regulated V,r with a valid Pgoop transition and a soft-start recovery after each
event.

The previously described PXI digitizer was used to capture both SEFI 1 and 2 types, while the DPO, with
its larger memory was used to capture the entire response from SEFI 2 events to capture the full recovery
of the TPS50601-SP. Overlays of all Vo, and Pgoop Waveforms captured by the PXI during an exposure
of 107 ions/cm? heavy ions with an LET of 86.5 MeV-cm?/mg is shown in Figure 7 and Figure 8
respectively. SEFI 1 events are characterized by a short-lived (< 70 ps) Pgoop transient. Since Vgyr is
unaffected during a SEFI 1 event, the erroneous Psoop glitch can be attenuated with a filter on the Pgoop
pin, effectively mitigating any down-stream effect of SEFI 1.

2.5

V. SEFI 1

N

-
(&)

V,, SEFI 2

Vout Voltage (V)

o
3]

0 0.1 0.2 0.3 0.4 0.5
Time (ms)

(1) Vi =5.0V, Vour =25V, and load of 6 A during exposure to 107 ions/cm? of LETgx+ = 86.5 MeV-cm?/mg.
(2) Output voltage is unaffected and fully regulated during SEFI 1.

Figure 7. Vo r Overlay of 200 Events Demonstrating SEFI 1, SEFI 2 and SETs in TPS50601-SP
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w

PGOOD Voltage (V)
- N

0 0.1 0.2 0.3 0.4 0.5
Time (ms)
(1) Vn=5.0V, Vour=2.5V, and load of 6 A during exposure to 107 ions/cm? of LET¢x = 86.5 MeV-cm?mg.
Figure 8. Pgoop Overlay of 200 Events Demonstrating SEFI 1, SEFI 2 in TPS50601-SP

In addition to the PXI digitizer channels, a DPO was also used to capture Voyr, Psoop, Soft Start, and
Phase outputs for every SEFI 2 event that occurred — an example of this data is shown in Figure 9,
Figure 10, Figure 11, and Figure 12. These were captured during each SEFI 2 event observed during an
exposure of 107 ions/cm? with an LET .. of 86.5 MeV-cm?mg. Since the DPO triggered off of the Soft
Start (SS) pin, only SEFI 2 type events were captured (SEFI 1 did NOT trigger a soft start as Vg, was
unaffected). Due to the DPO'’s larger buffer, the entire waveform for each signal was captured for each of
the 62 events, demonstrating how TPS50601-SP self-recovers from SEFI 2 events, going into soft start
and getting back to a fully regulated output after each event. For all of the SEFI 2 events, the Vot
dropped significantly, down to about 15-20% of the original Vo value within 1 ms, but Vg, automatically
recovered back to a regulated output within < 6 ms. Note that after about 5.7 ms the Pgoop returns to a
high value, signaling that Vo is within the target regulated range. This SEFI 2 response was virtually
identical over hundreds of runs and for 5 different LET conditions, thus the observed Vg transient is
independent of the actual details of the ion event itself and dominated by the circuit response dynamics.
The recovery time-constant is set by the Cgs5 capacitor connected to the SS/TR pin. For this experiment,
Cgs Was 10 nF, which would correspond to a rise time of about 4 ms assuming a typical Igg of ~ 2 pA.
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(1) Vi =5.0V, Vour =25V, and maximum load of 6 A, LET = 86.5 MeV-cm?mg.

(2) Soft-start duration is largely defined by the value soft-start capacitor. For these experiments Cgs = 10 nF.
Using a lower value of Cgg can reduce the soft-star recovery time.

Figure 9. DPO Waveform Captures of Vo, Overlay of 62 SEFI 2 Events in a TPS50601-SP

6 : : : :

- - -Trigger

|
l

PG Voltage (V)
o N

2 : : ' :
-2 0 2 4 6 8

Time (ms)

(1) Vn=5.0V, Vour=2.5V, and maximum load of 6 A, LET = 86.5 MeV-cm?mg.

(2) Soft-start duration is largely defined by the value soft-start capacitor. For these experiments Cgg = 10 nF.
Using a lower value of Cgg can reduce the soft-star recovery time.

Figure 10. DPO Waveform Captures of Pgoop Overlay of 62 SEFI 2 Events in a TPS50601-SP
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(1) Same 62 SEFI 2 events as Figure 9 and Figure 10.

(2) Soft-start duration is largely defined by the value soft-start capacitor. For these experiments Cgsg = 10 nF.
Using a lower value of Cgg can reduce the soft-star recovery time.

Figure 11. DPO Waveform Captures of Soft-Start (SS) Pin Response Overlay
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(1) Same 62 SEFI 2 events as Figure 9 and Figure 10.
Figure 12. DPO Waveform Captures of Phase (PH) Pin Overlay
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SEFI cross-sections were obtained for the TPS50601-SP over more than a dozen trips to TAMU, several
hundred heavy-ion runs, dozens of devices, at minimum to maximum V,, Vour, l0ad conditions, at a range
of ion fluxes and LET from 48.5 to 94.0 MeV-cm?mg. This extensive SEE testing revealed that the
highest LET-ions and maximum load condition resulted in the highest SEFI-rates. The SEFI cross-sections
shown in Figure 13 were derived from a subset of all these tests and are a very good representation the
SEFI performance of the TPS50601-SP. Four POL boards using the released PS50601SPEVM-D board
design, and, to improve statistics, all tests were performed at a heavy ion fluence of 107 ions/cm? with
most of the tests repeated between 2 to 4 times for each condition. Even though only a few tests resulted
in null-results or very low event counts, an upper bound was calculated based on a 95% confidence
intervals as outlined in Appendix C. Table 5 summarizes the Weibull fit parameters for both SEFI 1 and

SEFI 2 events.
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1.0E-04

1.0E-05

1.0E-06

SEFI Cross-section (cm?)

1.0E-07

A SEFI 1

¢ SEFI 2

1.0E-08
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60

70

80

Effective LET (MeV-cm?/mg)

90 100

(1) Vin=5.0V, Vo = 2.5V, with maximum load of 6 A and with effective ion LETs ranging from 48.5 to 86.5

MeV-cm?/mg.

Figure 13. SEFI Cross-Section vs LETg for TPS50601-SP

Table 5. Weibull Fitting Parameters for the SEFI Data

PARAMETER SEFI 1 SEFI 2
Saturation cross-section 2.0E-05 8.5E-06
Onset LET 10.0 48.0
Width 9.0 9.0
Fitting 2.0 1.0
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10 SET Results

SETs are defined as heavy-ion-induced transients on the Vo ; of the TPS50601-SP POL that were less
than < +9% SETSs on V. Events producing more than a 9% change in VOUT induced a PGOOD
transition and were thus categorized as SEFI 2 events as previously mentioned. All positive SETs
(overshoots) were < 5% in magnitude and they all followed the standard recovery of a regulator from
preceding negative SET events (undershoots). Thus overvoltage stress from SET is not an issue. The
TPS50601-SP POL was SET-free for LET.. < 65.3 MeV-cm?/mg. A few SETs were observed at 65.7
MeV-cm?/mg which seemed to be the onset LET of the device. At LET- = 86.5 MeV-cm?mg there were
a larger number > —-5% V,; events. Two maximal SETs are shown in Figure 14 for LET of 65.7 and
86.5 MeV-cm?/mg respectively.

2.55 2.55
2.5 2.5
=3 =
$245F $245
‘S | g |
—— ] — I
S ' S |
5 247 | 5 24
g ! >° '
' - - -Trigger ! - - -Trigger
2351 29 235) a9
] I
1 I
2.3 : : ' : 2.3 : ' : k
0 01 02 03 04 0 01 02 03 04
Time {(ms) Time {ms)
1. Observed from the TPS50601-SP at:
a. (Left) LETg of 65.7 MeV-cm?/mg and,
b. (Right) Largest SET at an LET.. of 86.5 MeV-cm?/mg.
Figure 14. The Worst-Case SET Events Captured by PXI
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A histogram showing the total number of SETs binned as a function of the SET magnitude (%AV;) is
shown in Figure 15. The overshoots are shown in orange while the undershoots are shown in green.
Clearly all overshoots are less than 5%. The SET cross-section shown in Figure 16 was obtained by
extracting all SET events for the PXI waveform data base where AV, of > 5% (just undershoots). An
upper bound was calculated based on a 95% confidence interval (outlined in Appendix C).

Table 6 summarizes the Weibull fit parameters for the SET events. It is important to remember that SET in
excess of 9-10% are not possible since events of this magnitude will trigger a valid P5oop Signal to be
generated (along with an automatic soft-start recovery), protecting down-stream components from the
fluctuation — this type of event would be logged as a SEFI 2.

80

70 ® under-shoots
60 over-shoots
50

Number of SET Events

1§lJJJ'rIllll_

o 1 2 3 4 5 6 7 8 9 10

AV, change (%)

(1) Overshoots (orange) and undershoots (green).
(2) No SETs observed below LET = 65 MeV-cm?/mg.

(3) All observed SETs were downward transients on V. Overshoots occurred during recovery from each
event.

(4) Each horizontal interval is 1% wide and in a given interval, 5 for example, represents 4% < AVqyr < 5%.
(5) All overshoots were < 5%. Undershoots were more widely distributed with larger numbers of large events.

Figure 15. SET Histogram of Number of Events vs SET Magnitude (AVqyr)
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(1) Vn=5.0V, Vo = 2.5V, with maximum load of 6 A and with effective ion LETs ranging from 65.7 to 86.5
MeV-cm?/mg.

Figure 16. Cross-Section of SET events V, > 5% vs LET. for TPS50601-SP

Table 6. Weibull Fitting Parameters for SET Data

PARAMETER SET
Saturation cross-section 5.3E-06
Onset LET 65.3
Width 16.0
Fitting 2.0
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11 Event Rate Calculations
Event rates were calculated for LEO(ISS) and GEO environments by combining CREME96 orbital integral
flux estimations and simplified SEE cross-sections according to methods described in Appendix B. We
assume a minimum shielding configuration of 100 mils (2.54 mm) of aluminum, and “worst-week” solar
activity (this is similar to a 99% upper bound for the environment). Using the 95% upper-bounds for the
SEL, SEFI 2, and SEL the event-rates of the TPS50601-SP are tabulated in Table 7, Table 8, Table 9
respectively.
Table 7. SEL Event Rate Calculations for Worst-Week LEO and GEO Orbits
CREME96
?5?,:; (ﬁg'\f'i;z'-/r'f‘g) INTEGRAL FLUX | 054 (cm? | EVENT RATE (/day) | EVENT RATE (FIT) | MTBE (years)
(/day—cm?)
LEO(ISS) 5.3E-07 1.9E-13 8.1E-06 1.4E+10
94.0 3.7E-07
GEO 1.4E-06 5.1E-13 2.1E-05 5.4E+09
Table 8. SEFI 2 Event Rate Calculations for Worst-Week LEO and GEO Orbits
CREME96
ORBIT ONSET LET
TYPE | (MeV-cm?mg) |NT(|§ésaF;/_x(|:_ n%ux 6., (cm?) | EVENT RATE (/day) | EVENT RATE (FIT) | MTBE (years)
LEO(ISS) 4.5E-04 3.9E-09 0.16 7.0E+05
48.0 8.7E-06
GEO 1.5E-03 1.3E-08 0.53 2.1E+05
Table 9. SET Event Rate Calculations for Worst-Week LEO and GEO Orbits
CREME96
ORBIT ONSET LET
TYPE | (MeV-cm?mg) INT(Ii;BaT/ﬁI:_ szliux 6., (cm?) | EVENT RATE (/day) | EVENT RATE (FIT) | MTBE (years)
LEO(ISS) 1.1E-04 6.0E-10 0.03 4.6E+06
65.3 5.3E-06
GEO 3.2E-04 1.7E-09 0.07 1.6E+06
MTBE is the mean-time-between-events in years at the given event rates. These rates clearly
demonstrate the SEE robustness of the TPS50601-SP POL in two harshly conservative space
environments. Customers using the TPS50601-SP should only use the above estimations as a rough
guide and we recommend that event rate calculations based on specific mission orbital and shielding
parameters be performed to determine if the product will satisfy the reliability requirements for their
specific mission.
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12 Summary

The purpose of this study was to characterize the effect of heavy-ion irradiation on the single-event effect
(SEE) performance of the TPS50601-SP synchronous step-down POL converter. Extensive SEE testing
with heavy-ions having LET from 48.5 to 94.0 MeV-cm?*mg were conducted with heavy-ion fluences
ranging from 1 x 10° to 1 x 107 ions/cm? per run, over a variety of input/output voltage conditions, load
conditions, and two temperatures. The SEE results demonstrated that the TPS50601-SP POL is free of
destructive SEB events and SEL-free up to LET = 94.0 MeV-cm?/mg. It is also SET free up to an LET of
65.3 MeV-cm?mg and nearly SET-free up to LET. = 86.5 MeV-cm?*mg. The TPS50601-SP has a
relatively low recoverable SEFI saturation cross-section of ~ 8.7 x 107 at LET. = 86.5 MeV-cm?mg
under maximum load and input/output voltage. CREME96-based worst-week event-rate calculations for
LEO(ISS) and GEO orbits clearly demonstrate the robustness of the TPS50601-SP POL in two harshly
conservative space environments.
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Total lonizing Dose from SEE Experiments

The production TPS60501-SP POL is rated to a total ionizing dose (TID) of 100 krad(Si). In the course of
the SEE testing, the heavy-ion exposures delivered = 1 krad(Si) per 10° ions/cm? run. The cumulative TID
exposure for each device respectively, over all runs they each underwent, was determined to be between
24 krad(Si) to 139 krad(Si). All nine production TPS60501-SP devices used in the studies described in this
report stayed within specification and were fully-functional after the heavy-ion SEE testing was completed
(with the exception of several units that were deliberately operated outside the SOA in an effort to capture
the onset of SEB).
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Orbital Environment Estimations

In order to calculate on-orbit SEE event rates one needs both the device SEE cross-section and the flux of
particles encountered in a particular orbit. Device SEE cross-sections are usually determined
experimentally while flux of particles in orbit is calculated using various codes. For the purpose of
generating some event rates, a Low-Earth Orbit (LEO) and a Geostationary-Earth Orbit (GEO) were
calculated using CREME96. CREME96 code, short for Cosmic Ray Effects on Micro-Electronics is a suite
of programs [15][16] that enable estimation of the radiation environment in near-Earth orbits. CREME96 is
one several tools available in the aerospace industry to provide accurate space environment calculations.
Over the years since its introduction, the CREME models have been compared with on-orbit data and
demonstrated their accuracy. In particular, CREME96 incorporates realistic “worst-case” solar particle
event models, where fluxes can increase by several orders-of-magnitude over short periods of time.

For the purposes of generating conservative event rates, the worst-week model (based on the biggest
solar event lasting a week in the last 45 years) was selected, which has been equated to a 99%-
confidence level worst-case event [17][18]. The integrated flux includes protons to heavy ions from solar
and galactic sources. A minimal shielding configuration is assumed at 100 mils (2.54 mm) of aluminum.
Two orbital environments were estimated, that of the International Space Station (ISS), which is LEO, and
the GEO environment. Figure 17 shows the integrated flux (from high LET to low) for these two
environments.
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(1) LEO(ISS) (blue) and a GEO (red) environment as calculated by CREME96 assuming worst-week and 100
mils (2.54 mm) of aluminum shielding.

Figure 17. Integral Particle Flux vs LETgg
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Using this data, we can extract integral particle fluxes for any arbitrary LET of interest. To simplify the
calculation of event rates we assume that all cross-section curves are square — meaning that below the
onset LET the cross-section is identically zero while above the onset LET the cross-section is uniformly
equal to the saturation cross-section. Figure 18 illustrates the approximation, with the green curve being
the actual Weibull fit to the data with the “square” approximation shown as the red-dashed line. This
allows us to calculate event rates with a single multiplication, the event rate becoming simply the product
of the integral flux at the onset LET, and the saturation cross-section. Obviously this leads to an over-
estimation of the event rate since the area under the square approximation is larger than the actual cross-
section curve — but for the purposes of calculating upper-bound event rate estimates, this modification
avoids the need to do the integral over the flux and cross-section curves.

1.0E-04

Saturation
Cross-section
1.0E-05

1.0E-06

1.0E-07

Device Cross-section (cm?)

Onset LET

1.0E-08
30 40 50 60 70 80 90 100

Effective LET (MeV-cm?2/mg)

(1) Weibull Fit (green) is “simplified” with the use of a square approximation (red dashed line).

Figure 18. Device Cross-Section vs LET g

To demonstrate how the event rates in this report were calculated, assume that we wish to calculate an
event rate for a GEO orbit for the device whose cross-section is shown in Figure 18. Using the red curve
in Figure 17 and the onset LET value obtained from Figure 18 (~ 47 MeV-cm?*mg) we find the GEO
integral flux to be ~ 1.6 x 107 ions/cm®-day. The event rate is the product of the integral flux and the
saturation cross-section in Figure 16 (~ 7.5 x 107° cm?):

GEOEvent Rate=| 1.6x 10°——>_ |( 7.5 10cm?)= 12 16&o0
cm’ x day day 3)
GEO Event Rate = 5.0« 10% e"ﬁms — 0.5IT
r (4)
MTBF =234,000fears 5)
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Confidence Interval Calculations

For conventional products where hundreds of failures are seen during a single exposure, one can
determine the average failure rate of parts being tested in a heavy-ion beam as a function of fluence with
high degree of certainty and reasonably tight standard deviation, and thus have a good deal of confidence
that the calculated cross-section is accurate.

With radiation hardened parts however, determining the cross-section becomes more difficult since often
few, or even, no failures are observed during an entire exposure. Determining the cross-section using an
average failure rate with standard deviation is no longer a viable option, and the common practice of
assuming a single error occurred at the conclusion of a null-result can end up in a greatly underestimated
cross-section.

In cases where observed failures are rare or non-existent, the use of confidence intervals and the chi-
squared distribution is indicated. The Chi-Squared distribution is particularly well-suited for the
determination of a reliability level when the failures occur at a constant rate. In the case of SEE testing,
where the ion events are random in time and position within the irradiation area, one expects a failure rate
that is independent of time (presuming that parametric shifts induced by the total ionizing dose do not
affect the failure rate), and thus the use of chi-squared statistical techniques is valid (since events are rare
an exponential or Poisson distribution is usually used).

In a typical SEE experiment, the device-under-test (DUT) is exposed to a known, fixed fluence (ions/cm?)
while the DUT is monitored for failures. This is analogous to fixed-time reliability testing and, more
specifically, time-terminated testing, where the reliability test is terminated after a fixed amount of time
whether or not a failure has occurred (in the case of SEE tests fluence is substituted for time and hence it
is a fixed fluence test) [19]. Calculating a confidence interval specifically provides a range of values which
is likely to contain the parameter of interest (the actual number of failures/fluence). Confidence intervals
are constructed at a specific confidence level. For example, a 95% confidence level implies that if a given
number of units were sampled numerous times and a confidence interval estimated for each test, the
resulting set of confidence intervals would bracket the true population parameter in about 95% of the
cases.

In order to estimate the cross-section from a null-result (no fails observed for a given fluence) with a
confidence interval, we start with the standard reliability determination of lower-bound (minimum) mean-
time-to-failure for fixed-time testing (an exponential distribution is assumed):

MTTF = —— 201
X o
2(d+1);100(1——}
2 (6)
Where MTTF is the minimum (lower-bound) mean-time-to-failure, n is the number of units tested
(presuming each unit is tested under identical conditions) and T, is the test time, and x? is the chi-square
distribution evaluated at 100 (1 — o / 2) confidence level and where d is the degrees-of-freedom (the
number of failures observed). With slight modification for our purposes we invert the inequality and

substitute F (fluence) in the place of T:

2nF
MFTF = —
X o
2(d+1);100| 1-—
2 (7)
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Where now MFTF is mean-fluence-to-failure and F is the test fluence, and as before, x? is the chi-square
distribution evaluated at 100 (1 — o / 2) confidence and where d is the degrees-of-freedom (the number of
failures observed). The inverse relation between MTTF and failure rate is mirrored with the MFTF. Thus
the upper-bound cross-section is obtained by inverting the MFTF:

X2(d+1);100[1—%]
o=

2nF (8)
Let's assume that all tests are terminated at a total fluence of 10° ions/cm?. Let’s also assume that we
have a number of devices with very different performances that are tested under identical conditions.
Assume a 95% confidence level (¢ = 0.05). Note that as d increases from 0 events to 100 events the
actual confidence interval becomes smaller, indicating that the range of values of the true value of the
population parameter (in this case the cross-section) is approaching the mean value + 1 standard
deviation. This makes sense when one considers that as more events are observed the statistics are
improved such that uncertainty in the actual device performance is reduced.

Table 10. Experimental Example Calculation of Mean-Fluence-to-Failure (MFTF) and ¢ Using a 95%
Confidence Interval®

Degrees-of- Calculated Cross-Section (cm?)

Freedom (d) 2(d +1) 1’ @ 95% Upper-Bound @ 95% Ve Average + Standard

Confidence Deviation

0 2 7.38 3.69E-06 0.00E+00 0.00E+00

1 4 11.14 5.57E-06 1.00E-06 2.00E-06

2 6 14.45 7.22E-06 2.00E-06 3.41E-06

3 8 17.53 8.77E-06 3.00E-06 4.73E-06

4 10 20.48 1.02E-05 4.00E-06 6.00E-06

5 12 23.34 1.17E-05 5.00E-06 7.24E-06

10 22 36.78 1.84E-05 1.00E-05 1.32E-05

50 102 131.84 6.59E-05 5.00E-05 5.71E-05

100 202 243.25 1.22E-04 1.00E-04 1.10E-04

@ Using a 99% confidence for several different observed results (d = 0, 1, 2, and 3 observed events during fixed-fluence tests) on
four identical devices and test conditions.
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